Production of the ionic fragments of the same chemical composition due to a low-energy electron impact on the glycine, alanine, and methionine amino acid molecules has been studied both experimentally and theoretically. The mass-spectrometric technique was applied to detect the above ionic fragments within the 1720 a.m.u. mass range with the ±0.25 a.m.u. resolution, while the density functional theory based theoretical approach allowed the relevant species to be identied and the mechanisms of their production to be claried. A special attention has been paid to analysis of the geometrical structures of the molecules under study as well to nding the appearance potentials of their fragments with the accuracy of ±0.1 eV.
Introduction
Amino acids being biologically relevant organic substances involved in the live organisms include generally the amine (NH 2 ) and the carboxylic acid (COOH) functional groups. Their generic formula looks like H 2 NCHRCOOH (R being an organic substituent, the socalled side-chain [1] ). Amino acids also serve as building blocks of proteins and intermediates in metabolism.
The chemical properties of these molecules determine the biological activity of the proteins. In addition, proteins contain the necessary information needed to determine the structure and the stability of the live organism. This is an important eld of scientic research, and today it is still one of the most important tasks of modern biological and chemical science [2] .
Regarding the possible degradation of amino acids under the external impact, it is a well-known fact that ionizing radiation causes in live tissue the irreversible eects at the genetic level [3] . The mechanism of such degradation does not include the direct action of high-energy ionizing radiation only, because the inuence of the processes related to the low-energy secondary electrons appears to be signicant [4] . Secondary products of ionizing radiation in living tissues are capable of damaging the structural units of nucleic acids and proteins leading, in particular, to dissociative ionization with both positive and negative-ion production. Thus, the low-energy * corresponding author; e-mail: snegursky.alex@gmail.com electrons are of a primary interest from the viewpoint of tracing the consequences of malignant transformations in living cells under the inuence of ionizing radiation and also provide useful radiation therapy eect on tumors in human beings [5] .
The studies of the basic mechanisms of the amino acid In our previous papers (see, e.g.
[79]), we have studied both experimentally and theoretically fragmentation of the glycine, alanine, and methionine molecules by low-energy (below 150 eV) electrons and noticed yield of some fragments of the above three molecules having the same chemical composition not comparing their production mechanisms. Therefore, the aim of the present paper was to study the mechanisms of their production and compare these mechanisms with each other. The amino acid glycine, alanine, and methionine (15) molecules (see schematic view in Fig. 1 ) have dierent substituents R: H, CH 3 and C 2 H 4 SCH 3 . One of them (methionine) involves not only the main constituents such as carbon and hydrogen, but also the sulfur atom. The above molecules present good example for predicting the inuence of substituents on the process of fragmentation of the core part (H 2 NCHCOOH) of the amino acid. To our knowledge, no similar data are present in literature.
Experimental
In our study, we used a conventional magnetic massspectrometer MI-1201 (see, e.g. [10] ) as the massseparator unit enabling the fragments of electron molecule interaction to be identied. controlled by a thermocouple allowing the temperature dependences of the fragment yields to be determined.
As it has been shown in our previous papers [79], the linear behaviour of the above temperature dependences (plotted in the semi-logarithmic scale) within the temperature range of 50120 • C indicated unambiguously that production of the above fragments due to the thermal degradation of the parent molecule was negligible.
The temperature and pressure conditions of the molecular beam formation excluded the possibility of molecular cluster formation. A specially designed three-electrode electron gun provided an electron current I e = 30−50 µA within a wide (0150 eV) energy range with the energy spread < 0.3 eV (full width at the half-maximum of the beam energy distribution) [10] . The experimental appearance potentials were determined by means of a tting technique based on the least-squares method approximation using the MarquardtLevenberg algorithm described in detail in our previous studies (see. e.g. [710] ).
The accuracy of the appearance potential determination was not worse than ±0.1 eV. The energy dependences of ionization and dissociative ionization cross-sections to be measured in the incident electron energy range from the threshold up to 150 eV. The ions produced in the ion source and extracted by the electric eld entered a magnetic ion separator and were detected by means of an electrometer.
The data acquisition and processing system was controlled by a PC. Special measures were taken to stabilize the mass analyzer transmission, thus, making the mass of the fragment under study to be reliably xed.
An electron energy scale was calibrated with respect to known ionization thresholds for argon atom and nitrogen molecule (see below) with the accuracy not worse than ±0.1 eV. The molecular beam M (see Fig. 2 ) was directed to the ionization chamber normally to the electron beam (the beams intersect in the gure plane). The experimental procedure was as follows.
First both electron and molecular beam sources were put into operation and after reaching the optimal conditions of beam generation a mass spectrum of the molecules under study was measured. The masses of the fragments produced were then xed and the energy dependences of the relevant ion yields were measured. Electron energy was varied with an energy step of 0.10.3 eV enabling the threshold areas of the dissociative ionization functions for all the fragments under study to be measured. In this case the problem of the incident electron energy scale calibration becomes very signicant.
To calibrate the above energy scale we have measured the threshold areas of the ionization functions for the two test gases Ar and N 2 . The experimental ionization thresholds were determined by means of a tting technique is based on a least-squares method approximation using the MarquardtLevenberg algorithm suggested by Maerk's group (see, e.g., our earlier paper [11] ).
Theoretical
The structures of the molecules and their fragments were studied using the generalized gradient approximation for the exchange-correlation potential in the density functional theory (DFT) as it is described by the Becke three-parameter hybrid functional, applying the non-local correlation provided by Lee, Yang, and Parr.
The DFT method is commonly referred to as B3LYP [12] , i.e. as a representative standard one described in more detail below. The cc-pVTZ basis set was used as well [13] .
The structures of the molecule isomers/conformers and their fragments under study were optimized globally without any symmetry constraint. The bond order and the bond length of the molecule conformers were investigated to nd the weaker bonds possible to be destructed.
Additionally, the vibration spectrum was evaluated to predict the possible elongation of bonds and the change
of the angle aiming to analyze the most probable fragments produced due to electron impact. On the other hand, the results on the vibration modes were analyzed to be sure that the equilibrium point of the molecular systems was found. In order to model the fragmentation processes, the possible fragment anions, cations and fragments with a zero charge were evaluated. Dissociation energies were calculated as the dierence between the total energy of the molecule and the sum of the energies of the fragments predicted. We assumed that in our experimental conditions the structure of the fragments formed could be changed inuencing, thus, the dissociation energy. To evaluate the above inuence, the dissociation energy was calculated for the following two cases: (i) the single point energy calculation of the fragments was performed taking into account the geometry of a certain part of the molecules under study (in these cases the energy of fragment formation is not the lowest one); (ii) the structure of the fragments was optimized, i.e. the fragments were allowed to reach their equilibrium geometry and the obtained energy (the lowest energy of the fragments) was used to calculate the dissociation energy.
Results and discussion
The amino acid molecules studied by us, despite their dierent composition, produce a series of neutral and ionic fragments with the same mass. Therefore, comparison of possible mechanisms of their production is of certain interest when studying the processes of the initial molecule decomposition. Obviously, it is intriguing to trace their production in this process as well as to study the possible mechanisms of their formation. In this section, we will summarize some results of our studies. Figure 3 shows the mass spectra of the three molecules under study measured using the technique described above. We would like to draw attention that the glycine, alanine, and methionine molecules could be presented as the COOHCHRNH 2 compounds, where R is H, CH 3 and C 2 H 4 SCH 3 in case of glycine, alanine, and methionine, respectively. This allows one to expect that several fragments with equal mass could be formed under the low-energy electron impact. Formally, such frag- to that of the neutral and negatively charged ones (see Table I ).
The positively charged amino group detachment from the parent molecule is the rare event, despite the rela- mass fragment assigned as NH − 2 . In addition, the amine fragment could be obtained as the other product when it has negative or zero charge. In the case of glycine the NH −/0/+ 2 fragment could be formed with very low possibility in the appearance energy range 12.8525.58 eV [7] (the other fragment formed is positively charged). For the alanine molecule this calculated energy is equal to 12.0424.77 eV depending on the structural dierences between the isomers and intramolecular hydrogen bonding [8] , and for the methionine molecule, the NH −/0/+ 2 fragment can be formed as well at 10.4223.14 eV [9] .
Carboxyl group detachment
According to the early (that has become classical)
work [14] , fragmentation of amino acid molecules is related to the removal of one electron from the nitrogen lone pair resulting in the charge localization on the nitrogen atom and on the adjacent α-carbon atom. Such amine type ionization seems to dominate over the other possible ionization channels with the nitrogen atom producing the iminium ion structure typical in the dissociative ionization of amines
Here R is an amino acid side chain. The one-electron Table I ). Hence, formation of CH 4 N + (m = 30 a.m.u.) and COOH − (m = 45 a.m.u.) is more probable because of the energetically more favored ion formation, and this leads to the small (nearly 3% relative intensity) peak at m = 45 a.m.u. in the glycine mass spectrum.
In the mass-spectra of the alanine and methionine molecules, the fragment with the m = 45 a.m.u. mass assigned to COOH could be observed as well with the intensities ≈3% and ≈14%, respectively. In case of the alanine molecule, the theoretical results prove that reaction
could be more probable due to the stability of the fragments produced, however, the comparison of the calculated and measured appearance energies indicates that reaction
is more energetically probable, i.e. C 2 H 6 N + and CHO 0 2
formation is more expected, while CHO + 2 could be formed only in the case when the hydrogen bond O· · ·H in the alanine molecule occur favoring this fragment stability.
It is interesting that in case of methionine the fragment with the m = 45 a.m.u. mass is produced with higher intensity as compared with other amino acids under study. This peak increase may be due to the isobaric fragments, such as CHS + and C 2 H 7 N + that can contribute to the peak intensity. We assign the peak at (Fig. 3a) . According to our results reported in [15] , the appearance energy for the CH 4 N + fragment of the glycine molecule is 10.1 ± 0.1 eV being close to the calculated value and this fragment is produced via the following pathway:
i.e. the fragment is formed due to a simple rupture of the CC α bond and the carboxyl group detachment according to pathway (1).
Formation of the fragment with m = 30 a.m.u. at the dissociative ionization of the alanine and methionine molecules requires additional energy consumption for the carboxyl group detachment and one more skeleton bond rupture with simultaneous hydrogen atom displacement.
Of the molecules under study, the H-atom migration process is most complicated in alanine, and due to this fact the CH 4 N + ion peak intensity in its mass-spectrum is very small and lower than those of the CH 3 N + and CH 2 N + ion peaks, production of which requires less number of regrouping.
However, in case of the methionine molecule, formation of the CH 4 N + ion can proceed due to the rearrangement of one hydrogen atom upon fragmentation from dierent parts of the molecule. The fragment with m = 30 a.m.u. could be produced dierently via the following pathways:
In the above cases the (CH 3 N + H) compound becomes the most stable when the H atom is joined with Thus, the break of the CC bond accompanied by the H atom migration from the amino group to oxygen of the carbonyl group is the most probable channel of the CH 3 N + fragment formation for glycine. 
It should be noted that deuteration of the α-alanine molecule does not assist in choosing between these two possible assignments [16] and our results show that both ions are formed in the collision event.
For the methionine molecule this fragment, as mentioned above, could be formed according to pathways (5)(8) in the case when it is not joined with the H atom.
According to our calculations, the lowest appearance energy of CH 3 N + is required when the methionine molecule is divided into the ion pair according to the following pathway (when the ion geometry is the same as in the core molecule, i.e. the equilibrium point of ion is reached very slowly):
It should be noted that the calculated appearance energy for the CH 3 N + fragment is at least 3.48 eV higher than that for the (CH 3 N + H) + fragment. Based on these results, we can predict that the electron-impact fragmentation of methionine producing the (CH 3 N + H) + fragment is more probable than that for the CH 3 N + fragment.
The m = 28 a.m.u. ion may have the following gross formulae: CH 2 N, C 2 H 4 and CO. In the alanine molecule mass spectrum, the ion with the m = 28 a.m.u. mass is the second intensity-related peak and may have gross formulae: CH 2 N, C 2 H 4 and CO.
Jochims et al. [16] , Ipolyi et al. [18] and Bari et al. [19] assigned it to the HCNH + ion exceptionally, but Lago et al. [20] identied this peak as consisting of the HCNH + and CO + ions. In our spectrum, only two distinct peaks arise in the vicinity of the 28 a.m.u. mass (see Fig. 4 ), so at least two ions may contribute to this peak.
According to the qualitative mass-spectrometry theory, where the direction of fragmentation of the molecular ion is dened by the stability of the fragments produced, formation of the CH 2 N + ion in the case of alanine molecule seems to be most probable according to the following pathways:
Thus, the fragments that might be produced are the stable molecules and the radical. But our calculations of the appearance energy for the CH 2 N + fragment according to the pathways (13, 14) show that the system does not reach its equilibrium state, i.e. these processes are not completely realized during the alanine molecule electronimpact dissociation. So, we have calculated the CH 2 N + ion production from the alanine molecule with dierent bonds being ruptured. If the equilibrium geometry structure of the alanine molecule fragments is taken into account, the smallest appearance energies were obtained by us when the CH 2 N + ion was formed according to the following general pathways:
The calculated energies required to produce the above fragments are listed in Table III . The experimental appearance energies for the CH 2 N + fragment are most adequately described by pathways (15) (18) coincides with the measured value 11.4 ± 0. 
CH 2 N + or C 2 H + 4 , is more probable.
As for the calculated appearance energies for the CH 2 N + and C 2 H + 4 fragments for alanine (see Ta- bles III, IV), it should be noted that they are a bit different.
TABLE IV
Calculated appearance energies (in eV) for the C2H4 and (NH2 + COOH) fragments formed from the alanine molecule. The C 2 H + 4 fragment of the methionine molecule could be formed as follows:
C2H4 (m
Here n = 1, 2, 3. In this case much attention should be paid to the energy released due to a rapid change in the geometrical structure of the C 2 H 4 fragment. This energy is equal to 2.44 eV. Hence, if the released energy is taken into account, the C 2 H + 4 ion is produced, most probably, according to a pathway with ion pair production (see Table V ).
The positively charged CH 3 N + and CH 2 N + ions could result from the secondary dissociation of the CH 4 N + ion, while the CH 2 N + ion could also appear due to deprotonation of the CH 3 N + ion. The above secondary dissociation is more possible in case when the energy transferred to the initial molecule increases. Our experimental mass spectra of the glycine and methionine molecules reveal a diuse peak at the mass of about m * ≈ 26.1 a.m.u. [7, 9] For the alanine molecule, the C 2 H 4 N + ion formation is energetically more probable, because in this case the weaker CC and two NH bonds could be broken. It implies that the mechanism of the C 2 H 4 N + ion production includes the detachment of a carboxyl group from the initial molecule being accompanied by the molecular hydrogen formation as well as by the H atoms migration.
Jochims et al. [16] and Ipolyi et al. [18] identied this fragment as NH 2 CH 2 = C ·+ and CH 3 C ≡ NH + , respectively. On the other hand, we suggest the another structure for this fragment, not mentioned among the possible structures calculated for this stoichiometry, presented in The appearance energies for the C 2 H 4 N + ions calculated in our recent paper [9] according to the path-
− are closer to the experimental value than the ab initio result (10.87 eV) presented in [18] , where it was stated that the CH 3 CNH + ion is formed via the following reaction process:
Note that in both pathways the C 2 H 4 N + ion appears in a case of an ion pair formation. Thus, the mechanism of the C 2 H 4 N + ion production includes the detachment of a carboxyl group from the initial molecule accompanied by the molecular hydrogen formation rather than the disintegration process of the COH group and the water molecule elimination as suggested in [18] . is 0.846. Thus, this bond is the weakest one in the intermediate cyclic structure, and the above bond rupture is possible. In the obtained structure, the C atom undergoes, obviously, the sp-hybridization.
In case of the methionine molecule, C 2 H 4 N + fragment could be formed via the following pathway:
where the C 2 H 4 N + ion has the following structure:
CH 2 =CHNH. Formation of the initial structure was predicted based on studying the bond order. On the other hand, we have checked the channel of formation of the fragment with the CH 2 =CNH 2 structure that is more stable than CH 2 =CHNH, but less stable than CH 3
C≡NH. Notably, the most stable CH 3 C≡NH fragment cannot be formed in the case of methionine. It should be mentioned that the measured appearance energy for the C 2 H 4 N + fragment is 12.9 eV, while calculated one is 9.37 eV or 6.95 eV. Taking into account that the fragments are not the most stable ones (see Table VI ), one may predict the H atom migration that requires the 2.15 eV or 0.44 eV energy.
Hence, the C 2 H 4 N + ion in the case of the alanine and methionine molecules has a dierent structure.
The peak at m = 44 a.m.u. observed in the experimental mass spectra can be attributed to the CO + 2 for all three molecules under study, C 2 H 6 N + in case of alanine and methionine but in the latter case it may also be CS + .
In the glycine mass spectrum, the peak at m = 44 a.m.u. can be attributed to the CO The intensities of the corresponding peaks in the massspectrum may characterize the eciencies of the above reaction channels.
According to our data, the intensity of the m = 44 a.m.u. peak is higher than that of the m = 31 a.m.u. peak, thus, in case of the C C bond dissociation accompanied by the hydroxyl group H atom migration; the cation center is mainly displaced to the CO 2 fragment and the neutral CH 3 NH 2 fragment is eliminated.
We have checked the possibility of CO + 2 formation at the dissociative ionization of the alanine and methionine molecules. The calculated results indicate that production of this ion is energetically non-favorable because its appearance energy is approximately twice larger than that for the isobaric C 2 H 6 N + fragment. Summarizing previously mentioned, it is possible to conclude that the peak at m = 44 a.m.u. in the experimental mass spectra of the alanine and methionine molecules could be attributed to the formation of the C 2 H 6 N + fragment. For the alanine molecule the appearance of the C 2 H 6 N + fragment is described above as the result of the CC α bond rupture and the carboxyl group detachment. However, we failed to nd the channel of this fragment formation from the methionine molecule: the calculated appearance energy of this fragment is approximately 5 eV less than the measured one or 4 eV higher, when this peak is assigned as CS + .
We also predicted the formation of the m = 57 a.m.u.
fragment that can be attributed to the C 2 HO + 2 or C 2 H 3 NO + ions, but the relevant peak with small intensity (≈12%) is present in the methionine mass-spectrum only. For the glycine and alanine molecules the intensity of the peak at m = 57 a.m.u. is small (≈0.20.4%) despite of the high stability of the C 2 H 3 NO + fragment and the small-scale calculated appearance energy for this fragment (9.38 eV and 11.23 eV for glycine and alanine, respectively).
It is interesting, in our opinion, to note that in the glycine and methionine mass spectra (but not in the case of alanine) a weak peak located at m = 28.5 a.m.u. is observed experimentally [7, 9] . Obviously, this peak is assigned to the doubly charged C 2 H 3 NO 2+ ion. Formation of this ion requires the water molecule elimination after the two-electron loss from the rst two highest occupied molecular orbitals of the parent molecule. The calculation of the energy required to produce the doubly charged C 2 H 3 NO 2+ ion from the neutral glycine molecule with multiplicity 1 shows that the hydrogen atom detachment from the carbon atom proceeds with a higher probability than that from the nitrogen atom. As for the methionine molecule, the C 2 H 3 NO 2+ ion occurs after the doubly charged parent molecule ion skeleton CC bond dissociation accompanied by the water molecule elimination.
Taking into account that the hydroxyl group and the hydrogen atom required for the water molecule formation are located in the opposite parts of a parent molecule, one may conclude that H 2 O is eliminated simultaneously or slightly before the skeleton bond dissociation.
Conclusions
We have studied both experimentally (applying the mass-spectrometric technique with the ±0.25 a.m.u.
mass resolution) and theoretically (using the DFT-based theoretical approach) the mass spectra of the amino acid molecules (glycine, alanine, methionine) and have iden- 
